Caenorhabditis elegans larval development requires the function of the two 27
promote larval development. We discuss how this conserved pathway could 48 be partitioned between two cells. 49
INTRODUCTION 50
The nematode Caenorhabditis elegans (C. elegans) requires only three 51 neurons for survival: the M4 motor neuron and the two Canal-Associated 52
Neurons (CANs). The M4 neuron is located in the pharynx, the C. elegans 53 feeding organ, and is required for peristaltic movements that move food along 54 the pharynx (AVERY AND In an attempt to reveal the function of the CANs, we mutagenized ceh-10 or 83 vab-8 mutants and screened for mutations that can suppress the mutant larval 84 arrest or Wit phenotypes without suppressing their CAN neuron defects. In 85 our screens, we identified three alleles of kin-29, which encodes a 86 serine/threonine kinase that is a member of the Salt-Inducible Kinase (SIK) 87 2004; VAN DER LINDEN et al. 2008 ). Here we report that mutations that cause 94 an increase of cAMP levels or the activation of PKA rescue the ceh-10 larval 95 arrest phenotype. We also provide evidence that ACY-2 is the adenylyl 96 cyclase that generates the cAMP necessary for CAN-dependent larval 97 development. ACY-2 is expressed in the CANs and in a few other neurons 98 6 125 ceh-10 and vab-8 suppressor screens 126 ceh-10(gm58)/ht2; gmIs18 or vab-8(e1017)gmIs18 worms were mutagenized 127 for 4 hours by incubation in 0.05 M ethyl methane sulfonate (EMS). Worms 128 were washed in M9 buffer (22mM KH2P04, 42 mM Na2HP04, 85.5 mM NaCl 129 and 1mM MgS04) and placed on a large culture dish. 2 hours later L4 130 hermaphrodites were transferred to new plates in groups of five worms. Five 131 to six days later F1 progeny were picked individually to new plates and on day 132 9-13, the F2 progeny were screened for ability to rescue ceh-10 larval arrest 133 or vab-8 withered tail phenotype. gm112 suppressed the vab-8 Wit phenotype 134 and jehm1 and jehm2 suppressed ceh-10 larval arrest. All suppressors were 135 outcrossed ten times to the wild-type N2 strain. 136 137
Mutant identification 138
For identification of kin-29(gm112), we used a combination of SNP mapping, 139
RNAi interference and sequencing. The Hawaiian isolate CB4856 was used 140 for SNP mapping (WICKS et al. 2001) , which placed gm112 between SNPs in 141 the H01M10.1 and pccb-1 genes. Genes located between H01M10.1 and 142 pccb-1 were tested for suppression of vab-8 Wit and ceh-10 larval arrest by 143 feeding worms bacteria expressing double-stranded RNA specific to a single 144 gene. RNAi clones were obtained from the Ahringer RNAi library (KAMATH et 145 al. 2003) and ligated into pBluescriptKS-. The kin-29cDNA and unc-54 3´UTR was 186 amplified, cloned, cut and ligated as described for the Pges-1::kin-29cDNA 187 construct (see above). The plasmid was injected into ceh-10;kin-29 at 25 188 ng/µl together with 2 ng/µl Pmyo-2::mCherry. 189 259 Pacy-2::acy-2 genomic was generated with a Gibson assembly cloning kit 260 (NEB) by assembly of the following two DNA fragments: (1) 1200 bp Pacy-2 261 that was amplified from wild-type genomic DNA template with the primers: 5´-262 gctgtctactgccaaatacgtc-3´and 5´-tgcgcgcctggaattcagg-3´and (2) acy-2 263 genomic backbone that was amplified from Pceh-23_L::acy-2(genomic) with 264 the primers: 5´-cctgaattccaggcgcgcaatgtcgacagtgatggaaatgtcgacg-3´and 5´-265 gacgtatttggcagtagacagccccagcttttgttccctttagtg-3´. 266 Pacy-2::acy-2 genomic was injected into wild-type worms at 20 ng/µl with 3 267 ng/µl Pmyo-2::GFP. 268 269 Pceh-23_L::acy-2 fragment(anti-sense) was generated with a Gibson 270 assembly cloning kit (NEB) by assembly of the following two DNA fragments: 271
(1) Pceh-23_L that was amplified from Pceh-23_L::unc-53cDNA with the For survival studies, eggs from mothers previously grown on cAMP plates 310 were transferred to new cAMP plates and were allowed to hatch and develop 311 for 72-96 hrs and then the stage of the worms were determined. 312
313

Fluorescence microscopy 314
Worms were anesthetized in 10 mM levamisole. A Zeiss Axioskop 2 315 microscope was used to examine worms. Images were collected using an 316 ORCA-ER CCD camera (Hamamatsu) and Openlab imaging software 317 (Improvision). 318
319
Results 320
Mutations in kin-29 rescued phenotypes caused by defective CANs. 321
The two bilaterally symmetric C. elegans CANs are generated in the head and In ceh-10(gm58) mutants, the CANs cannot be detected using Nomarski 333 optics or a CAN differentiation marker, and the worms arrest as early larvae 334 To investigate how the CANs regulate larval development, we carried out two 342 suppressor screens. In the first screen, we mutagenized vab-8(e1017) 343 mutants and screened for suppressor mutations that rescued the Wit 344 phenotype without rescuing the CAN migration or axon extension defects and 345
identified kin-29(gm112). Because this mutation also suppressed the larval 346 arrest phenotype of ceh-10 mutants (see below), we mutagenized ceh-347 10(gm58) mutants and screened for mutations that suppressed the larval 348 arrest phenotype but did not restore the CANs based on our inability to detect 349 the cells using Nomarski optics or a Pceh-23::gfp reporter transgene. In this 350 screen, we isolated four suppressed strains. Two of these strains contained 351 confirm that the promoters used to drive kin-29 in these cells were indeed 386 specific, we also fused the promoters to the GFP gene, studied the 387 expression of the transgenic animals at different developmental stages and found that the promoters drove expression in the predicted cells (data not 389 shown). Only when neurons or hypodermal cells expressed the kin-29 cDNA 390 was the ceh-10 larval arrest phenotype restored, suggesting that deregulated 391 kin-29 activity in either neurons (other than the CANs) or hypodermal cells is 392 sufficient to arrest larval development ( Figure 1M) . 393 394 Because all known CAN promoters require ceh-10 function, we were unable 395 to confirm that kin-29 does not act in the CANs to suppress ceh-10 lethality. 396
However, we were able to express a kin-29 cDNA in the CANS of vab-8; kin-397 29 double mutants since the CANs are present in these animals. To ensure 398 specific expression in the CANs, we used a part of the ceh-23 promoter that 399 drives expression only in the CANs (Pceh-23_L) (WENICK AND HOBERT 2004). 
ACY-2 functions in the CANs to produce essential levels of cAMP 476
Our results suggest that the CANs signal to the hypodermis and other 477 neurons, activating PKA in these tissues. PKA represses KIN-29, which 478 allows larval development to proceed. Because the pde-4 mutation rescued 479 the ceh-10 larval arrest phenotype to a similar degree as the kin-29 mutations, 480
we asked if exogenous cAMP could also rescue ceh-10 loss. To explore this 481 possibility, we fed ceh-10 mutants a synthetic version of cAMP, 8-Br-cAMP, 482
which is a cell-permeable cAMP analog that is resistant to hydrolysis by 483 phosphodiesterases (SANDBERG et al. 1991). We tested different 484 concentrations and found that 5 mM 8-Br-cAMP gave the best rescue with 485 75% of the ceh-10 mutants developing past the L3 stage ( Figure 3) . The ceh-486 10 mutants could be maintained for generations on 8-Br-cAMP but arrested 487 development if they were moved back to media lacking it (data not shown). acy-2 mutants arrest development in a similar way to ceh-10 mutants. The 497 acy-1(pk1279), acy-2(pk465) and ceh-10(gm58) mutants were maintained as 498 balanced strains. To score the arrested larvae, we picked newly hatched 499 worms that lacked the balancer chromosome and scored their phenotypes 500 after 72 hrs. We noted that the arrested larvae displayed three different 501 phenotypes: normal ( Figure 4A ), morphological defective ( Figure 4B ) or clear 502 ( Figure 4C ). Most of the acy-1 arrested worms appeared normal, while acy-2 503 and ceh-10 mutants displayed the morphological defective and clear 504 phenotypes at similar frequencies ( Figure 4D ). We then asked if acy-1 and 505 acy-2 mutants could be rescued by the same mutations and treatments as 506 ceh-10. The pde-4 mutation was previously shown to partly suppress the acy-507 1 mutant (CHARLIE et al. 2006 ), and we found that it also rescued the acy-2 508 mutant ( Figure 4E ). Feeding acy-2 mutants with 8-Br-cAMP also rescued 509 larval arrest ( Figure 4E ). These findings are not unexpected for an adenylyl 510 cyclase mutant. The kin-29 or mef-2 mutations, however, suppressed the 511 acy-2 but not the acy-1 mutant phenotypes, consistent with the hypothesis 512 that cAMP produced by ACY-2 negatively regulates KIN-29 to promote larval 513 development ( Figure 4E , and data not shown). 514
Mutations in kin-29 and mef-2 rescued the acy-2 and ceh-10 mutant defects 515 slightly better than kin-29 and mef-2 RNAi (Figures 2, 5A and data not  516 shown). It is noteworthy that many of the RNAi-treated acy-2 and ceh-10 517 mutant worms became visibly sick hours after being transferred to plates with 518 bacteria that did not express kin-29 or mef-2 dsRNA (data not shown), 519
suggesting that the activities of KIN-29 and MEF-2 need to be continuously 520 provided for acy-2 and ceh-10 worms to survive. These observations imply 521 that CANs need to constantly signal, presumably by producing cAMP that acts 522 in the nervous system and hypodermis. 523
The expression pattern of ACY-2 suggests that it could act in the CANs to 524 promote larval development. To test this hypothesis, we expressed ACY-2 525 specifically in the CANs of acy-2 mutants. Our attempt to isolate an acy-2 526 cDNA was unsuccessful, possibly because acy-2 is only expressed in a few 527 cells (KORSWAGEN et al. 1998 ). Instead, we expressed acy-2 genomic DNA 528 fused to GFP under the control of the CAN-specific promoter Pceh-23_L 529 (WENICK AND HOBERT 2004) . We generated two independent, non-integrated 530 transgenic lines (Pceh-23_L::acy-2(genomic)::GFP), and only the CANs and a 531 single tail neuron expressed these transgenes (not shown). We compared 532 transgenic and non-transgenic worms originating from the same transgenic 533 mother. Both transgenic lines rescued the larval arrest phenotype, with more 534 than 40% of the transgenic worms developing past L3 stage (Figure 5b ). We 535 also generated transgenic lines that express acy-2 from its endogenous promoter (Pacy-2::acy-2(genomic). We observed a more robust rescue 537 compared to CAN-specific expression of ACY-2 with more than 90% of the 538 transgenic worms developing past the L3 stage. This finding suggests either 539 that the endogenous promoter drives higher levels of acy-2 in the CANs or 540 that neurons other than the CANs are also important for acy-2 mutant larvae 541 to develop. 542
543
As an alternative test of this hypothesis, we performed CAN-specific acy-2 544
RNAi to ask if we could phenocopy the acy-2 mutant phenotype. We 545 generated transgenes that expressed both acy-2 sense and acy-2 antisense 546 RNA driven from the CAN promoter to generate acy-2 dsRNA in the CANs. 547
These transgenes were expressed in an ergo-1 mutant to sensitize the 548 background to RNAi effects (PAVELEC et al. 2009 ). To obtain viable transgenic 549 lines, we grew the worms on plates with bacteria that produced dsRNA that 550 targeted kin-29, transferred transgenic worms to plates with control bacteria 551 that did not express kin-29 dsRNA and scored survival in the next generation. 552
As a control, we subjected acy-2(pk465) mutants to the same protocol. When 553 the Pceh-23_L::acy-2(RNAi) transgenic worms and the acy-2 mutants were 554 transferred to plates with control bacteria, both strains arrested development 555 at similar frequencies ( Figure 5A ). These findings further support the 556 hypothesis that ACY-2 can act in the CANs to promote larval development. Quantification of survival past the L3 larval stage of acy-2 mutant worms or 919 wild-type worms carrying transgenes that express acy-2 dsRNA specifically in 920 the CANs (acy-2(CAN RNAi)). The worms were initially grown on bacteria that 921 produce kin-29 dsRNA (kin-29 RNAi) and then transferred to plates with 922 bacteria that do not express kin-29 dsRNA. (B) Quantification of survival past 923 the L3 larval stage of acy-2 mutant worms either lacking or carrying the 924 extrachromosomal PCAN::acy-2 transgene that expresses acy-2 specifically 925 in the CANs (2 lines). As control ACY-2 was expressed from its endogenous 926 promoter. The number of animals scored for each genotype in E-G is 927 
